Abstract: In eukaryotic replication licensing, Cdt1 plays a key role by recruiting the MCM2-7 complex onto the origin of chromosome. The C-terminal domain of mouse Cdt1 (mCdt1C), the most conserved region in Cdt1, is essential for licensing and directly interacts with the MCM2-7 complex. We have determined the structures of mCdt1CS (mCdt1C_small; residues 452 to 557) and mCdt1CL (mCdt1C_large; residues 420 to 557) using X-ray crystallography and solution NMR spectroscopy, respectively. While the N-terminal 31 residues of mCdt1CL form a flexible loop with a short helix near the middle, the rest of mCdt1C folds into a winged helix structure. Together with the middle domain of mouse Cdt1 (mCdt1M, residues 172-368), this study reveals that Cdt1 is formed with a tandem repeat of the winged helix domain. The winged helix fold is also conserved in other licensing factors including archaeal ORC and Cdc6, which supports an idea that these replication initiators may have evolved from a common ancestor. Based on the structure of mCdt1C, in conjunction with the biochemical analysis, we propose a binding site for the MCM complex within the mCdt1C.
Introduction
Eukaryotic genomic integrity requires complete and precise duplication of chromosomal DNA during replication. To maintain genomic stability, DNA replication must start once and only once per cell cycle, and eukaryotes achieve such strict regulation of replication initiation by stepwise assembly of protein complexes onto replication origins to establish ''licensed'' origins. 1, 2 The origin recognition complex (ORC) first selects origin DNA and then triggers the binding of Cdc6 and Cdt1. These two factors then recruit a putative replicative helicase, the MCM2-7 complex, to form a prereplicative complex (pre-RC) on replication origins in the G1-cell cycle phase. [3] [4] [5] [6] [7] [8] The MCM2-7 complex then promotes the unwinding of DNA origins, and the binding of additional factors such as Cdc45 and GINS complex at pre-RCs to initiate the DNA replication in S-phase. [9] [10] [11] [12] [13] The licensing factor Cdt1 is essential for chromosomal replication. 7, [14] [15] [16] Several experiments have suggested that the interaction between Cdt1 and MCM2-7 is required to load the helicase on chromatin. 7, 15, 16 Recent studies show that Cdt1 stimulates the binding and helicase activity of MCM4,6,7 complex in vitro.
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Overexpression of Cdt1 causes re-replication of DNA within each cell cycle, which ultimately leads to cell death and tumorigenesis. [18] [19] [20] Therefore, when the Sphase starts, the activity of Cdt1 must be down-regulated. Metazoan cells achieve this down-regulation through the combined activities of cyclin-dependent kinases (CDKs) and geminin, and by the degradation of Cdt1 by proteosomes; CDK-dependent degradation by the SCF complex and PCNA-dependent degradation by the Cul4-DDB1 complex. [21] [22] [23] [24] [25] [26] The primary function of Cdt1 is to recruit MCM helicase onto replication origins, 7, 15, 16 although recent study suggests that mutants of Cdt1 that do not interact with MCM2-7 can induce re-replication when overexpressed. 27 The depletion of Cdt1 abolished the association between MCM2-7 and origin DNA, whereas the addition of recombinant Cdt1 fully restored pre-RC formation. 28 The structure of Cdt1 can be largely divided into three parts based on sequence comparison and biochemical analyses 29 : the highly variable N-terminal region that binds to DNA; the middle geminin-binding region (Cdt1M), which is conserved in metazoans and which by earlier structural analysis was shown to adopt a winged helix fold 30 ; and the C-terminal MCM-binding region (Cdt1C) which is known to directly interact with the MCM2-7 helicase and to be essential for the licensing activity of Cdt1. 29, 31 Mutational studies of Cdt1 from various species identified several regions and/or residues of Cdt1C that are involved in the interaction with MCM2-7. 17, 27, 29, 31 However, despite the extensive studies of Cdt1 in replication licensing, our understanding on the interactions between Cdt1C and MCM2-7 and the mechanism by which Cdt1 recruits the MCM2-7 complex to assemble the pre-RC is very limited because of the lack of the structure of Cdt1C. Here, we investigated the structure of the C-terminal region of mouse mCdt1 (mCdt1C), the most conserved region in Cdt1, and provide an insight as to how mCdt1C interacts with the MCM2-7 complex.
Results

Overall structure of mCdt1C
Previous studies have revealed that the MCM complex binding domain is within the C-terminal domain of mCdt1. 27, 29, 31 Based on these studies, and our limited proteolytic digestion analysis, we produced the two mCdt1 fragments, mCdt1CL (mCdt1C_large; residues 420-557) and mCdt1CS (mCdt1C_small; residues 452-557). We then determined the solution and 1.9 Å crystal structures of mCdt1CL and mCdt1CS, respectively (Tables I and II) . The mCdt1CL structure can be divided into the two parts; the first 31 residues form an N-terminal arm (residues 420 to 451), which is highly flexible [ Fig. 1(A) ]. The Ca and Cb chemical shift values and the sequential and medium range NOEs of the backbone amide protons confirmed that this N-terminal region also contains a well-defined helical structure [residues 431 to 442; Fig. 1(B,C) ]. Another part of mCdt1CL forms a compact core which is folded into a winged helix structure [ Fig. 1(A,B,D) ]. The mCdt1CL core or mCdt1CS consists of four a-helices (H1 to H4) backed on one side by three b-strands (S1 to S3). The H3 helix is packed against H1 and H4 helices in a perpendicular manner on one side and packed against the S2 and S3 strands on the other side. The middle of helix H1 is notably bent (by 40 ) primarily due to Pro467, which allows its tight interaction with helix H3 [ Fig. 1(B,D) ]. The flexible linker between the N-terminal arm and the core of mCdt1CL allows significant movement of the N-terminal arm relative to the mCdt1 core and the end to end distance between the N-terminal ends of solution NMR structures could move more than 50 Å [ Fig. 1(A) ]. The structure of the mCdt1CL core was found to be similar to that of mCdt1CS, with an RMS deviation values of 2.4-2.8 Å for 107 aligned Ca atoms. However, despite the overall structural similarities between mCdt1CL and mCdt1CS, the two structures are different in several regions [ Fig. 1(E) ]. First, the N-terminal half of helix H1 is directed toward helix H3 in mCdt1CS, whereas the equivalent region is bent in the opposite direction and points away from helix H3 in mCdt1CL. In the crystal structure, Gln456 forms hydrogen bonds with the side chains of Glu480 and Arg493 from symmetry-related molecules. Thus, the structural differences between the N-terminal half of the H1 helix of Cdt1CL (NMR) and Cdt1CS (crystal) could be due to the crystal packing. Second, in mCdt1CS, the C-terminal end forms a part of the H4 helix and is packed in an anti-parallel manner against the N-terminal region of helix H1 through hydrophobic contacts, whereas the equivalent region in mCdt1CL is loosely folded and directed to helix H3.
Structural similarities with archaeal licensing factors
A database search using DALI 35 revealed that the structure of mCdt1CS is remarkably similar to the structures of two archaeal homologues of the eukaryotic replication initiator Cdc6 and Orc2; Pyrobaculum aerophilum Cdc6 (PaCdc6, Z ¼ 7.3) with an RMSD value of 4.4 Å for 88 Ca atoms and Aeropyrum pernix Orc2 (ApOrc2, Z ¼ 6.5) with an RMSD value of 5.1 Å for 92 Ca atoms, although no significant sequence similarity (10 to 11%) was observed between mCdt1C and these proteins (Fig. 2) . 36, 37 These two mammalian licensing factor homologues possess an AAAþ ATPase domain and a winged helix domain at their N-terminal and C-terminal ends, respectively. The AAAþ domains of Orc2 and Cdc6 hydrolyze ATP to load the MCM2-7 complex onto origin DNA during pre-RC assembly, whereas their winged helix domains bind to DNA. 36, 37 The presence of winged helix domains in the C-terminal regions of mCdt1, archaeal PaCdc6, and ApOrc2 provide additional support for the conservation of the replication licensing factors. Moreover, the fact that the presence of winged helix domains in archaeal Orc2 and Cdc6 homologues extends to Cdt1, which is unique to eukaryotes, suggests that the origin selection systems have diverged to perform more complicated functions during evolution. The structure of mCdt1C also similar to that of mCdt1M (Z ¼ 7.1, RMSD of 3.4 Å for 91 Ca atoms), which shares only 9% sequence identity. 30 Thus, a large part of mCdt1 is composed of a tandem repeat of winged helix domain (Fig. 2) .
Binding sites for the MCM complex within Cdt1C
Sequence comparison analysis of the Cdt1C domains from various species reveals that conserved residues are clustered in both the N-terminal arm and mCdt1 core regions [ Fig. 3(A-C) ]. In N-terminal arm, most of the conserved residues are clustered in the H0 helix and the loop connecting the H0 and H1 helices (H0-H1 loop), which are fully exposed to solvent. Previous yeast two hybrid and GST pull down analyses with mouse Cdt1 suggested that residues between 407 and 477 of mCdt1 are important for binding to MCM6. 29 In particular, mutation of Lys441 and Lys445 significantly reduced the affinity toward MCM4,6,7 and fails to stimulate DNA binding and helicase activities of the MCM4,6,7 complex (Table III) . 17 Lys441 and Lys445 are located in the H0 helix and the H0-H1 loop, respectively [ Fig. 4(A) ]. In addition to these two lysine residues, several conserved residues in the H0 helix and the H0-H1 loop are charged, including Glu436, Arg437, and Arg439 [ Fig. 3(A) ]. Figure 4 (B) shows the plot of the accessible surface area of each residues of Cdt1CL. The mCdt1C core is primarily formed with two hydrophobic patches, in which a number of conserved residues are tightly packed [ Fig. 3(B) ]. One patch is formed with Leu463, Leu466, Leu473 (helix H1), Leu514 and Leu517 (H3), Leu518 and Trp521 (loop H3-S2), and Leu544 and Leu548 (H4). Another hydrophobic patch consists of Leu473, Phe477, Val485, Val490, and Leu511. While the conserved hydrophobic residues are clustered in the helices to provide the stability to the mCdt1C core, majority of conserved polar residues are at the surface of the three-stranded sheet [ Fig. 3 (A,C)]. These include Arg481 and Lys482 (loop H1-S1), Thr486 (strand S1), Ser523 and His525 (S2), Tyr532 and Lys534 (S3). In addition, central region of the H1 helix and the H3 helix contain a few conserved polar residues including Arg465, Arg471, Glu508, and His510 Previous mutational studies showed that replacement of some of these conserved residues abrogates the interaction between Cdt1 and the MCM complex (Table III) . 27 For instance, the human Cdt1 (hCdt1) multiple mutant protein, in which Glu496, His498, and Leu502 (equivalent to Glu508, His510, and Leu514 of mCdt1) in the H3 helix or Arg453, Glu456, Leu457, Ala458, and Arg459 (Arg465, Glu468, Leu469, Ala470, and Arg471 of mCdt1) in the H1 helix are simultaneously mutated, fails to interact with the MCM complex. The positions of these residues are shown in Figure 4 (A). We used cross-saturation transferred measurements to identify the interface between mCdt1CL and the MCM complex [ Fig. 5(A) ]. In this method, saturation in the MCM complex caused by selective irradiation is transferred to the residues of bound mCdt1CL at the interface. The contact residues of mCdt1CL are identified by observing decreases in the peak intensities of 1 H-15 N shift correlation spectra. A plot of the intensity ratios of peaks determined during the crosssaturation transferred experiment are shown in Figure 5(A) . We also show the surface of Cdt1, in which the residues found to interact with MCM by the cross saturation in Figure 5 (B). The transferred cross-saturation experiment showed that the H3 helix of mCdt1C is involved in the interaction with the MCM2-7 complex, which supports the mutational analysis of Teer and Dutta. 27 Residues near Cys491 and Cys498 in the H2 helix were not accounted in our cross-saturation transferred analysis due to a possible artifact caused by the irradiation of protons of cysteine residues. Previously studies using human and Xenopus Cdt1 proteins showed that deletion of the C-terminal region (equivalent to residues 510 to 557 in mCdt1) containing the S2 and S3 strands and the parts of H4 and H5 helices prevents the interaction between Cdt1C and MCM, which suggests that the region spanning residues 510 to 557 of mCdt1 is required for the interaction with the MCM2-7 complex. 27, 31 Although this C-terminal region does not contain many conserved polar residues, Ser523, His525, and Asp540 are well conserved and Arg529, Tyr532, Arg547, and His550 are conserved in metazoan Cdt1 proteins. In addition, Yanagi et al. reported that deletion of residues 407 to 477 of mCdt1 abolished the MCM binding activity of mCdt1. Together, these data implicate that the MCM binding region of mCdt1 may not be confined to the limited region, and instead more broad regions of mCdt1C are involved in the MCM binding. Based on our structural information including accessible surface area of mCdt1C, sequence conservation, and cross-saturation transferred analysis, we also generated a series of Cdt1 mutant proteins, and then analyzed whether these mutations on Cdt1MþC (residues 177-557) affect interactions between the Cdt1 proteins and MCM2,4,6,7 complex [Figs. 3(B,C) and 4(A)]. The surface around the three strands in mCdt1C contains several conserved polar residues, and thus, we selectively mutated these residues in the three bstrands and surrounding loops in mCdt1 to either 
Residues number is based on mCdt1. We then tested if these mutant proteins bind to MCM using GST-pull down assay. Figure 6(A) shows that while GST-mCdt1 M1 mutant protein (residues 177-557) failed to interact with the MCM complex, GST-mCdt1 M2 protein interacted weakly. We also assayed mouse Cdt1-mediated MCM loading on the chromatin by Western blotting. Cdt1-depleted Xenopus egg extract and sperm chromatin were incubated with mutant proteins, and MCM4 loading was then detected [ Fig. 6(B) ]. While M1 mutant protein of mCdt1C failed to recruit the MCM complex to chromatin as compared with wild-type Cdt1, the M2 mutant protein loaded only a small amount of the MCM complex onto chromatin. In contrast to M1 and M2 mutant proteins, the binding affinities of the M3, M4, and M5 mutants on MCM complex were comparable to that of wild type Cdt1. We wished to identify which specific residues of the six mutated residues from M1 and M2 proteins are involved in the MCM-loading and DNA replication. We have used Xenopus Cdt1 (residues 239-620) instead of mCdt1MþC to analyze the activities of the single point mutant proteins as Xenopus Cdt1 protein might more accurately reflect the activities of Cdt1 in Xenopus egg extract system (Table III) . These point mutant proteins of Xenopus Cdt1 include Lys543Ser (M11, equivalent to Arg481 of mCdt1), Lys544Ser (M12, Lys482 of mCdt1), Thr548Ala (M13, Thr486 of mCdt1), Lys543Ser-Lys544Ser-Thr548Ala (M1), Ser585Ala (M21, Ser523 of mCdt1), His587Ser (M22, His525 of mCdt1), Arg590Ser (M23, Arg528 of mCdt1), and Ser585Ala-His587Ser-Arg590Ser (M2). The mutated residues of the M1 and M2 proteins of Xenopus Cdt1 (residues 239-620) are equivalent to those of mCdt1MþC. Again, we have used Cdt1-depleted system for the MCM-loading and replication activity analyses [ Fig. 6(C,D) ]. Interestingly, as shown in Figure 6 (C,D), all of the single point mutant proteins of Xenopus Cdt1 (residues 239-620) showed MCM-loading and replication activities similar to that of the wild type, while the M1 and M2 triple mutant proteins showed significantly reduced activities. These data suggest that the decreased activities of the M1 and M2 triple mutant protein are due to the additive effects of each single point mutated residues, and the MCM binding interface might not be restricted to certain confined region within mCdt1. We analyzed if the decreased MCM-loading and DNA synthesis activities of the M1 and M2 mutant proteins of Cdt1C are due to the overall structural perturbation of triple mutation. Because GST-M1 and M2 mutant proteins of mCdt1MþC could not be purified more than 95% purity, we used M1 and M2 mCdt1CL mutant proteins (residues 420 to 557) for circular dichroism analysis [ Fig. 6(E) ]. The M1 and M2 mutant proteins of mCdt1CL exhibit virtually identical curves on circular dichroism analysis compared to that of wild-type mCdt1CL, which suggests that the mutational effects on MCM-loading and DNA synthesis activities of the mCdt1C mutant proteins are unlikely due to the perturbation of the overall structure of mCdt1C. Overall, our studies suggest that the strand region appears to be important for MCM complex binding, and together with previous studies, residues in the H0-H1 loop, the H0, H1 and H3 helices, and the S2 and S3 strands from mCdt1 contribute to the interactions with the MCM complex.
Discussion
In this study, we determined the atomic structure of the mCdt1C by X-ray crystallography and NMR spectroscopy and identified the MCM binding site within mCdt1C. Our analyses in conjunction with previous studies show that the primary licensing factors required to recruit the MCM complex, that is, Orc1, Orc2, Cdc6, and Cdt1, 30, [36] [37] [38] [39] all possess the winged helix fold, which suggests that these proteins may have evolved from a common ancestor, and that during evolution the winged helix domain may have fused with other domains to form distinct replication licensing factors in eukaryotes. Because the initiation of DNA replication is a crucial event in life, it is not surprising that the mechanistic elements of the replication initiation process are conserved in prokaryotes and eukaryotes. Nevertheless, available structural evidence on the conservation of the replication machinery is limited to the AAAþ domain, which is shared by bacterial DnaA, archaeal Cdc6 and Orc2 homologues, and eukaryotic ORC. [36] [37] [38] [39] [40] In this study, we provide an additional evidence of conservation in eukaryotic licensing factors by showing that the winged helix domain is present in the C-terminal region of archaeal Cdc6 and Orc2 homologues and eukaryotic Cdt1.
During evolution, bacterial genes whose products function as dimers are frequently duplicated and fused to form single-chain multidomain proteins in eukaryotes. Moreover, each domain is specialized to diverge in sequence and possibly function. 41 In addition, it has been suggested that duplicated proteins evolve more quickly than nonduplicated proteins. 42 It is possible that the winged helix domain in archaea was used as a prototype fold in the early replication system, and that it was duplicated and fused to result in two repetitive domains that may have evolved to gain novel functions, such as geminin binding (by the Cdt1M domain) and the MCM complex binding (by the Cdt1C domain), and ultimately to control replication licensing. Our hypothesis that the duplication of a winged helix domain was an early event that was followed by later development for geminin binding on Cdt1M is supported by the facts that (i) simple eukaryotes such as yeasts do not contain geminin; (ii) the yeast Cdt1 sequence differs remarkably from mammalian Cdt1 ($20% sequence identity); (iii) in the geminin-mCdt1M structure, the primary geminin binding site is formed by residues 177 to 190, which lie outside the winged helix domain in mCdt1M. 30 The winged helix protein family is a structural motif commonly used to bind specific sequence of DNA, with the recognition helix inserted into the major groove and the wing reaching across adjacent minor groove 43 [ Fig. 7(A) ]. Previous studies have
shown that Cdt1 can associate with single stranded or double stranded DNA. 29 Interestingly, the N-terminal (residues 1-130) and the geminin-binding (176-293) regions of Cdt1 contribute to DNA binding, whereas the Cdt1C domain does not bind to DNA. 29, 30 This is interesting because (i) the helix-turn-helix (HTH) and b-hairpin motifs of mCdt1C generate highly basic surface as shown in Figure 7 (B) and the basic surface around these motifs appears to interact with the MCM2-7 complex rather than binding to DNA. The structure of mCdt1C explains why the winged helix domain of Cdt1C does not interact with DNA. In general, the orientations of helices H1 and H3 in the winged helix domain are known to critical for DNA binding. 43 In Cdt1C, helix H1 is significantly longer and the middle portion of H1 is notably kinked. As a result, when the structure of Cdt1C was superimposed onto the winged helix domains of other structures, such as, Orc1-DNA, Cdc6, and E2F1-DNA, the H1 helix of mCdt1C would collide with DNA [ Fig. 7(A) ]. [36] [37] [38] [39] 44 Moreover, the H3 helix which is a DNA recognition helix in the winged helix domain has only one basic residue, while others have typically more than three basic residues. Our NMR and mutation analyses in conjunction with previous studies by other groups provide insights into the binding site for the MCM complex. According to the recent mutational studies on the MCM-Cdt1C interface, the H0 and H1 helices and intervening loop, and the H3 and H4 helices of mCdt1C would form a binding surface of MCM, and our transferred crosssaturation experiment supports the involvement of the H3 helix of Cdt1 in MCM binding 17, 27, 31 [ Fig. 5(A,B) ].
The cluster of the conserved and charged residues in the H0 helix and the H0-H1 loop suggest that Hbonds and/or electrostatic interactions might play an important role for the interaction between the N-terminal arm of Cdt1C and MCM2-7. Our structure reveals that Ala546, Ala549, His551, and Val552 from the H4 helix are directed to this binding surface, which suggests that these residues might be involved in the interaction with MCM [ Fig. 4(A) ]. In addition, our finding on the significantly reduced MCM-binding activity of M1 and M2 triple mutants of mCdt1 proteins suggests that the binding site for MCM within mCdt1C is unlikely to limited to a confined region. The M1 and M2 sites are formed with Arg481 and Lys482 (loop H1-S1), Thr486 (strand S1), Ser523 and His525 (strand S2), and Arg528 (loop S2-S3) [ Fig. 7(B) ]. As the linker that connects the N-terminal arm and the mCdt1C core is highly flexible, it is possible that Previously, we showed that mCdt1M most resembles Bacillus subtilus replication terminating protein (BsRTP).
30 mCdt1C also shares high structural similarity with BsRTP, although the degree of similarity decreased compared to that of mCdt1M (Z ¼ 5.4, RMSD of 6.5 Å for 87 Ca atoms). In particular, helices H2 and H3 and the three stranded b-sheet are very similar in mCdt1C and BsRTP, whereas the lengths and orientations of their N-and C-terminal helices are different [ Fig. 8(A,B) ]. In addition to the structural similarity, mCdt1 and BsRTP share some similar features: (i) both proteins interact with the ring-shaped replicative helicases, MCM complex and bacterial DnaB that function via hexamerization (Kaplan and Odonnell). 45 RTP arrests DNA unwinding by specifically interacting and inhibiting the DnaB helicase. 46 (ii) Both mCdt1 and BsRTP share the conserved binding sites for the replicative helicase-a three-stranded b-sheet. In BsRTP, Tyr33 from the S1 strand plays a critical role in maintaining a contrahelicase activity by binding DnaB. 46 Although no tyrosine residue is positioned in strand S1 in Cdt1, a conserved Tyr532 residue in strand S2 is closely located and might replace the role of Tyr 33 of BsRTP in recruiting replicative helicase [ Fig. 8(B) ]. Thus, it is possible that the winged helix domain may have evolved to form bacterial replication termination factors, and mCdt1 may bind to the MCM2-7 complex using a similar strategy, whereby BsRTP interacts with DnaB helicase. 47 In summary, by demonstrating that Cdt1 is formed with two winged helix repeats, we provide additional structural and biochemical evidence that eukaryotic licensing factors have evolved from the common ancestor. Interestingly, the winged helix motif of the mCdt1C is used to interact with the MCM complex rather than DNA. Detailed understanding of the molecular mechanism for the Cdt1-mediated MCM recruitment would require the Cdt1-MCM complex structure. Nevertheless, the X-ray and solution NMR structure of mCdt1C presented here would allow more systematic approaches to elucidate the interaction between Cdt1 and the MCM2-7 complex.
Materials and Methods
Cloning, expression, and purification
His-tagged mCdt1CS and mCdt1CL were synthesized by PCR, and products were digested with NdeI-XhoI and inserted into a PET28a vector. Each protein was purified using a nickel column followed by a cation exchange (Mono-S column) and gel filtration (Superdex 75 column) equilibrated with 50 mM Tris-HCl, 200 mM NaCl, 5 mM dithiothreitol (DTT) at pH 6.8. Mouse MCM2,4,6,7 complex was purified from High5 insect cell (Invitrogen) using baculovirus system at >95% homogeneity as previously described. 48 Crystallization and structure determination Crystals of mCdt1CS were grown at room temperature by hanging drop vapor diffusion from 3.8M sodium chloride, 100 mM sodium citrate, 5 mM dithiothreitol (DTT), pH 5.5. The crystals formed in space group P4 1 2 1 2 with a ¼ 52.57, b ¼ 52.57, c ¼ 96.04 Å and contained one molecule in an asymmetric unit. Diffraction data were collected at À170 C with crystals flash frozen in crystallization buffer containing 30% glycerol. A single-wavelength data (SAD) set was collected using a Hg-bound crystal on beamline 4A at Pohang Acceleratory Laboratory (PAL). Integration, scaling, and merging of the diffraction data were done with the HKL2000 suite of programs. Two sites and initial phases were determined using the CNS program. 49 After density modification, the electron density map calculated to 2.5 Å was of excellent quality and allowed us to trace most of the chains. Successive rounds of model building using the program Coot, 50 simulated annealing refinement with the CNS 49 program and phase combination allowed the complete building of the structure.
NMR spectroscopy and structure calculation NMR measurements were performed at 25 C on 1 mM 13 C, 15 N-labeled mCdt1C samples in 20 mM MES hydrate (pH 6.7), 80 mM NaCl, 10 mM b-mercaptoethanol with 10% D 2 O on DRX800 and DRX900 spectrometers (Bruker). All NMR spectra were processed with NMRPipe and analyzed with SPARKY 3.110. 1 H, 15 N, and 13 C resonance assignments were obtained from the following 3D heteronuclear correlation and for the structure determination using torsion angle dynamics. For residues located in regular secondary structure segments, / and w backbone dihedral angle restraints were derived from chemical shifts using the program TALOS. 34 Restraints for 21 hydrogen bonds were used. CYANA structure calculations were started with 100 random conformers. The 20 conformers with the lowest target function values were selected. Restrained energy minimization was performed with the program OPALp using the AMBER force field.
Transferred cross-saturation experiment between Cdt1 and MCM complex NMR experiments were carried out at 298 K on a Bruker DRX900 spectrometer. After purification of mouse MCM2,4,6,7 complex, we mixed it with mCdt1CL (1:50 molar ratio) at the low concentration (1 mg/mL of the MCM complex and 2.5 mg/mL of mCdt1CL) and concentrated to 0.5 mM mCdt1CL and 10 lM MCM complex in the buffer containing 10% H 2 O/90% D 2 O, 20 mM MES, 80 mM NaCl, 10 mM bmercaptoethanol, pH 6.8. Measurements were made using a sample of 0.5 mM 2 H, 15 N-labeled mCdt1CL in complex with the unlabeled 10 lM MCM complex. The cross-saturation experiments were performed using the pulse scheme made by Takahashi. 53 Saturation of the aliphatic protons of the MCM fragment was done using the HypSec decoupling scheme. The saturation frequency was set at 1.5 ppm with AE1 ppm saturation spectrum width. The measurement times were 23 h with 3.0 s for the saturation time. All spectra were processed and analyzed with the program nmrPipe and Sparky.
The MCM complex binding assay
Four hundred nanograms of GST-tagged mCdt1CL proteins and 100 ng of full-length MCM2,4,6,7 complex were mixed with glutathione-Sepharose (Amersham Biosciences) in 100 lL of NET-gel buffer containing 50 mM Tris-HCl (pH 7.5), 100 mM NaCl, 0.1% Nonidet P-40, 0.25% gelatin, and protease inhibitor cocktail (Roche) for 4 h at 4 C. After washing with NET-gel buffer, precipitates were dissolved with 30 lL of 2Â Laemmli sample buffer and then subjected to SDS-PAGE and Western blotting using anti-MCM6 (Santa Cruz Biotechnology) antibody.
MCM complex loading assay
Xenopus egg extracts, Xenopus demembranated sperm nuclei, and Cdt1-depleted extracts were prepared as previously described. 23 GST-tagged mCdt1MþC or Xenopus Cdt1 (residues 239-620) proteins were used for the reaction. Cdt1 fraction (1 lL, final conc. 10 nM) and sperm nuclei (75 ng) were incubated for 20 min at 23 C with 5 lL of Cdt1-depleted extracts. Chromatin fractions were then isolated and Mcm4 in the fractions was detected by immunoblotting. Histone H3 was also visualized for a loading control.
Replication activity assay
Wild-type or mutant Xenopus Cdt1 proteins (1 lL) were added into Cdt1-depleted extracts (1 lL) containing sperm nuclei (18 ng) and incubated for 20 min at 23 C. Concentration of Xenopus Cdt1 is 1 nM (white) or 10 nM (gray) at this stage. Then, geminin-extracts (6 lL) was added and further incubated for 90 min to allow DNA replication. Values are indicated as percentages compared to that using buffer and normal extracts instead of Cdt1-mutant fractions and geminin extracts, respectively, after every values are subtracted by background value when buffer was used for Cdt1-fraction.
Structural changes of mutant proteins
Structural changes of mutant proteins (10 lM) compared with wild type were monitored by a circular dichroism (CD) spectrometer (Jasco J-715) at various wavelengths (200-250 nm). All the samples used here were prepared in the buffer containing 25 mM TrisHCl, pH 7.5, 150 mM NaCl, and 7 mM bmercaptoethanol.
